Nanoparticles in the single digit nanometer range can be easily isolated and studied with low optical powers using nanoaperture tweezers. We have studied individual proteins and their interactions with small molecules, DNA and antibodies. Recently, using the fluctuations of the trapped object, we have pioneered a new way to "listen" to the vibrations of nanoparticles in the 100 GHz -1 THz range; the approach is called extraordinary acoustic Raman (EAR). EAR gives unprecedented low frequency spectra of individual proteins in solution, allowing for identification and analysis, as well as probing their role in biological functions. We have also used EAR to study the elastic properties, shape and size of various individual nanoparticles.
INTRODUCTION
Nanoparticles in the size range of 1-50 nm are important building blocks for technology and biology. DNA, proteins, protein complexes, antibodies and viruses are biological nanoparticles in this size range. Quantum dots, nanocarbon and colloidal nanoparticles are among the technologically relevant nanoparticles similarly sized. Our aim is to develop new tools to understand such nanoparticles at the single particle level.
We are looking at approaches to hear the acoustic vibrations of nanoparticles. What does a protein sound like and how does this relate to its functioning? What happens when the protein is a mutant form? Does it sound "sick"? If so, can we use this as a diagnostic or as an assay to discover drugs? Acoustic modes of proteins have been studied in detail using various theoretical approaches; of particular note, molecular dynamics simulations [1] . While these theoretical approaches are valuable to better understand protein function and their interactions (for example, for applications in drug discovery), there are limited experimental approaches to validate such models. Raman (and its relative, Brillouin scattering) has been used to probe the acoustic vibrations of nanoparticles. For example, C60 (Buckminsterfullerene) has Raman active vibrations at 273 cm -1 and 497 cm -1 . For larger nanoparticles, the typical vibration frequencies start below 100 GHz (around 3 cm -1 ). This is a challenge for Raman due to the Rayleigh line overwhelming the weak Raman signal, and also for micro-Brillouin due to limited scattering for nanoparticles below 200 nm. Ideally, we would like a method to probe individual nanoparticle vibrations in the range from 10 GHz to 1 THz. For proteins in particular, the vibrational density of states is relatively sparse in this range, and so it is promising for analysis. This can be compared with typical vibration frequencies founding in conventional optomechanics of micron-scale structures; which rarely reaches to GHz frequencies due to the larger size (although there are fairly recent examples at 5 GHz [2] ).
Single nanoparticle/molecule studies have been developed for just over a decade. Of note, single molecule fluorescence approaches developed by W. E. Moerner and co-workers were recognized with the 2014 Nobel Prize in Chemistry [3] . There are many reasons to attempt single nanoparticle studies, including:
• removing heterogeneity from a population,
• seeing richer statistics (non-averaged behavior),
• studying dynamic processes without the need for synchronization,
• studying nanoparticles over a wide range of concentrations, and 1. Adding fluorescent markers alters the native protein, so there is always the question about whether the marker is influencing the actual biophysical process.
2. A tether is usually used to immobilize the protein for study (otherwise it would diffuse away).
3. Fluorescence can be a relatively slow process, so photon counting is required to resolve faster dynamics and usually the molecule has to be pumped quite "hard" to ensure enough signal is achieved. Even so, glycerol needs to be used to slow down the protein folding [4] .
4. The fluorophores bleach, so observation time is limited.
5. The signal observed is open to interpretation since it is coming from an exogeneous marker, not the protein itself.
Despite all these challenges, single molecule fluorescence approaches have advanced significantly our understanding of biological processes. Even so, it is highly desirable to develop methods that are not subject to these limitations. In particular, we would like a single nanoparticle detection platform that has the following features:
• No labels/markers/fluorophores
• No tethers
• Fast response
• Extended observation times
• Direct measurement of nanoparticle (not an exogeneous signal open to interpretation)
• Fairly agnostic to concentration (can isolate single particles in dilute or dense mixtures)
Since 2009, we have been developing laser tweezers using apertures in metal films to study nanoparticles down to 50 nm [5] . In 2011, we had a breakthrough in this approach to allow trapping of much smaller particles by using the double nanohole (DNH) aperture shape, with two sharp cusps where the holes overlap, allowing for trapping of 12 nm dielectric nanoparticles [6] , and then single proteins [7] . Even in the first single protein studies, we observed protein conformal changes [7] , which showed the potential of this work to observe directly dynamics in individual proteins without labels or tethers at timescales that are limited by the detector response (typically into the GHz). Recently, however, we have developed this approach further to modulate resonantly the nanoparticles at their vibration frequency and thereby probe their dynamics at ~100 GHz [8] . As mentioned previously, this is exactly the regime where nanoparticles in the 1 to 50 nm size range start to show vibrational resonances, and so it is of interest for identifying them and understanding their behavior.
DOUBLE NANOHOLE OPTICAL TWEEZERS
Even the first works on gradient-force optical tweezers recognized the size-dependent limitation of Rayleigh scattering, requiring extremely large intensities to hold onto non-resonant particles below 100 nm [9] . The third power scaling of the polarizability for Rayleigh scatterers means that 1000 times more intensity is required to have the same force on a 10 nm particle as on a 100 nm particle.
Our trick to overcome this strong size-scaling limitation was to use an aperture in a metal film. Like nanoparticles, nanoapertures also have strong size scaling dependence: their transmission depends on the ratio between the aperture size and the wavelength to the fourth power according to Bethe's theory. Adding a dielectric material into the aperture effectively reduces the wavelength or makes the aperture appear larger. Therefore, there is a strong change in the transmission due to the strong scaling from Bethe's theory, even though the nanoparticle is a Rayleigh scatterer. We used this nanoaperture to observe optical trapping; when a particle enters the aperture, there is a jump in the optical transmission [5] . The particle is kept in the aperture by the resulting optical forces, as was verified by a maintained higher level of transmission. The transmission dropped if the particle escaped. Also, multiple particle trapping events could be distinguished from single particle trapping events (all showing the same step height), but a distinct second step in the transmission, as shown in Figure 1 . The trapping of multiple particles is rare for typical experimental configurations used, which we believe is due to steric hindrance, repulsion of like-charged particles, and the improbability of such coincidences (at lower concentrations). It should be noted that others had considered the use of apertures in optical tweezer systems prior to our work, both theoretically [10] and in experiment [11] , yet we are unaware of any previous works that exploited this effect to hold onto nanoparticles smaller than ~100 nm.
While a cylindrical aperture was able to trap nanoparticles down to ~50 nm, going to smaller sizes required shaped apertures. In particular, we used the double nanohole (DNH), which we studied since 2004 [12] [13] [14] because it creates a local hot-spot of around 10 nm in size in the electric field that interacts more strongly with the nanoparticle of interest.
With the DNH, we were able to trap 12 nm silica spheres [6] , single proteins [7] , and 20 bases of single stranded DNA [15] , among other things. More recently, researchers have started to use bowtie nanoapertures [16] ; these share the same features of the DNH structure that enable trapping down to the size of single proteins -in particular, sharp cusps with a narrow gap where two holes overlap.
PROTEINS, DNA AND THEIR INTERACTIONS
The ability to trap single proteins has allowed for studying protein-antibody binding [17] , protein-DNA interactions [15] , protein sizing [18] , protein-protein interactions [18] , protein small-molecule interactions (both in the strong binding [19] and weak binding limits [20] ). In typical studies, the aperture transmission is used to monitor light scattering changes by the protein or DNA particles, thereby giving direct information about their structure (via their diffractive properties).
The ability to directly monitor proteins and their interactions is of obvious interest for drug discovery applications. Not only is it possible to see directly if a small molecule is binding to a protein (through changes in the fluctuations of the optical transmission through the aperture -representing thermal motion of the particle) [19] , but it is also possible to monitor on-off binding kinetics to determine the binding affinity [20] . In this way, potential small molecule drug candidates can be probed for their interactions with proteins. Because this approach operates at the single molecule level, it has the potential to conserve valuable protein sample.
One of the interesting systems we studied with this approach is the so-called tumor suppressor protein, p53 [15] . This protein is reported to be mutated in the majority of known cancers. It is well known that p53 binds to DNA; however, the mutant form can also bind with almost the same affinity. To probe the function of p53, we first trapped a hair-pin of single-stranded DNA (ssDNA) that binds with p53. This hairpin is unzipped by electrostriction in the DNH trap: the unzipped ssDNA is longer and has a higher polarizability; therefore, its dipole interaction with the local electric field is greater. In the presence of p53, the unzipping time of the hairpin is increased by orders of magnitude. Interestingly, a point mutation to p53, which still binds strongly to the hairpin, does not increase the unzipping time. Therefore, our experiment has shown that p53 acts to suppress the unzipping of DNA and that it cannot perform this task with a common mutation. (We also quantified the energy barrier to unzipping that is created by wild-type p53 binding using Arrhenius scaling). This approach may be used as an assay to screen for drugs that could correct the function of p53, and possibly play an important role in suppressing the development cancers.
EXTRAORDINARY ACOUSTIC RAMAN
As described above, the DNH optical tweezer pulls on ssDNA in the trap through electrostriction. If we modulate the intensity of the trapping laser beam, then the electrostriction is also modulated and it is possible to drive vibrations in the ssDNA. When this is done, we observed increased amplitude fluctuations of the laser transmission for certain driving frequencies. This increased root mean squared (RMS) amplitude fluctuation is attributed to hitting a resonance of the trapped ssDNA, heating it up, and thereby producing an increase in thermal motion. By scanning the frequency, a spectrum of the vibrational resonances of the ssDNA can be achieved (see Figure 2 ). We noted changes in the resonance frequency with length of the ssDNA and found good agreement with a linear chain oscillator model [21] . We referred to this process as extraordinary acoustic Raman (EAR) because of its single molecule sensitivity and ability to access low wavenumbers with high resolution. Unlike related coherent types of spectroscopy, like the optical Kerr effect, here we measure the random motion of the particle, so we are not as sensitive to energy redistribution that is common in proteins [1] . Figure 3 shows the spectrum taken for a common protein. Other examples can be found elsewhere [8] . Using this approach, we have also measured the vibration spectra of the MS2 bacteriophage (virus). 
TECHNOLOGICAL DEVELOPMENT OF DNH TWEEZER SYSTEMS
Every nanotechnology faces the challenge of being able to achieve low-cost, high-throughput and reliable fabrication. Furthermore, it would be ideal to integrate the DNH optical tweezer system into a fiber-optic platform to improve scalability. First steps have been taken to solve the nanofabrication challenge by using a process of template stripping [22] , where gap sizes down to 7 nm were produced. We have also integrated DNH structures on the ends of cleaved optical fibers and demonstrated trapping with those structures [23] . This is promising for future scalability where it is possible envision having multiple trapping fibers to each address a single well of a microwell plate, and thereby integrate seamlessly with existing biochemistry laboratory protocols. It should be noted that past works have also integrated bowtie nanoapertures on the end of tapered fibers and shown the ability to translate the trapped object [16] ; however, care should be taken to avoid damaging the tapered fiber, and the tapering process complicates the fabrication.
CONCLUSIONS AND OUTLOOK
The DNH optical tweezer approach allows us to study single proteins and other nanoparticles. Unlike fluorescence based methods, the DNH approach is label-free (uses the intrinsic light scattering properties of the nanoparticle) and does not require tethering to prevent the particle from diffusing away. We have already studied protein sizes, protein-protein interactions, protein-small molecule interactions, protein antibody interactions, protein-DNA interactions with this approach. Adding a second trapping laser of different frequency allows for exciting vibrations in the nanoparticle of interest, which can be used to build the acoustic Raman spectrum of the nanoparticle by sweeping the laser frequency difference in the range of ~100 GHz (extremely high frequency to THz bands). In this way, it is possible to identify individual proteins, as well as study the properties of nanoparticles (such as material anisotropy).
We are developing this method in terms of scalability and ease of nanofabrication to allow for widescale adoption in the areas of drug discovery, diagnosis and basic scientific analysis.
